The primary walls of growing plant cells are largely constructed of cellulose and noncellulosic matrix polysaccharides that include hemicelluloses and pectins (Carpita and Gibeaut, 1993; Somerville et al., 2004; Cosgrove, 2005) . Xyloglucan (XyG) is the most abundant hemicellulose in the primary walls of eudicots and is composed of a b-1,4-glucan backbone with side chains containing Xyl, Gal, and Fuc (Park and Cosgrove, 2015) . XyG is synthesized in the Golgi apparatus before being secreted to the apoplast, and its biosynthesis requires several glycosyltransferases, including b-1,4-glucosyltransferase, a-1,6-xylosyltransferase, b-1,2-galactosyltransferase, and a-1,2-fucosyltransferase activities (Zabotina, 2012) . Arabidopsis (Arabidopsis thaliana) XYLOGLUCAN XYLOSYLTRANSFERASE1 (XXT1) and XXT2 display xylosyltransferase activity in vitro (Faik et al., 2002; Cavalier and Keegstra, 2006) , and strikingly, no XyG is detectable in the walls of xxt1 xxt2 double mutants (Cavalier et al., 2008; Park and Cosgrove, 2012a) , suggesting that the activity of XXT1 and XXT2 are required for XyG synthesis, delivery, and/or stability.
Much attention has been paid to the interactions between cellulose and XyG over the past 40 years. Currently, there are several hypotheses concerning the nature of these interactions (Park and Cosgrove, 2015) . One possibility is that XyGs bind directly to cellulose microfibrils (CMFs). Recent data indicating that crystalline cellulose cores are surrounded with hemicelluloses support this hypothesis (Dick-Pérez et al., 2011) . It is also possible that XyG acts as a spacer-molecule to prevent CMFs from aggregating in cell walls (Anderson et al., 2010) or as an adapter to link cellulose with other cell wall components, such as pectin (Cosgrove, 2005; Cavalier et al., 2008) . XyG can be covalently linked to pectin (Thompson and Fry, 2000; Fry, 2005, 2008) , and NMR data demonstrate that pectins and cellulose might interact to a greater extent than XyG and cellulose in native walls (Dick-Pérez et al., 2011) . Alternative models exist for how XyG-cellulose interactions influence primary wall architecture and mechanics. One such model posits that XyG chains act as load-bearing tethers that bind to CMFs in primary cell walls to form a cellulose-XyG network (Carpita and Gibeaut, 1993; Pauly et al., 1999; Somerville et al., 2004; Cosgrove, 2005) . However, results have been accumulating against this tethered network model, leading to an alternative model in which CMFs make direct contact, in some cases mediated by a monolayer of xyloglucan, at limited cell wall sites dubbed "biomechanical hotspots," which are envisioned as the key sites of cell wall loosening during cell growth (Park and Cosgrove, 2012a; Wang et al., 2013; Park and Cosgrove, 2015) . Further molecular, biochemical, and microscopy experiments are required to help distinguish which aspects of the load-bearing, spacer/plasticizer, and/or hotspot models most accurately describe the functions of XyG in primary walls.
Cortical microtubules (MTs) direct CMF deposition by guiding cellulose synthase complexes in the plasma membrane (Baskin et al., 2004; Paredez et al., 2006; Emons et al., 2007; Sánchez-Rodriguez et al., 2012) , and the patterned deposition of cellulose in the wall in turn can help determine plant cell anisotropic growth and morphogenesis (Baskin, 2005) . Disruption of cortical MTs by oryzalin, a MT-depolymerizing drug, alters the alignment of CMFs, suggesting that MTs contribute to CMF organization (Baskin et al., 2004) . CELLULOSE SYNTHASE (CESA) genes, including CESA1, CESA3, and CESA6, are required for normal CMF synthesis in primary cell walls (Kohorn et al., 2006; Desprez et al., 2007) , and accessory proteins such as COBRA function in cellulose production (Lally et al., 2001 ). Live-cell imaging from double-labeled YFP-CESA6; CFP-ALPHA-1 TUBULIN (TUA1) Arabidopsis seedlings provides direct evidence that cortical MTs determine the trajectories of cellulose synthesis complexes (CSCs) and patterns of cellulose deposition (Paredez et al., 2006) . Additionally, MT organization affects the rotation of cellulose synthase trajectories in the epidermal cells of Arabidopsis hypocotyls (Chan et al., 2010) . Recently, additional evidence for direct guidance of CSCs by MTs has been provided by the identification of CSI1/POM2, which binds to both MTs and CESAs (Bringmann et al., 2012; Li et al., 2012) . MICROTUBULE ORGANIZATION1 (MOR1) is essential for cortical MT organization (Whittington et al., 2001 ), but disruption of cortical MTs in the mor1 mutant does not greatly affect CMF organization (Sugimoto et al., 2003) , and oryzalin treatment does not abolish CSC motility (Paredez et al., 2006) .
Conversely, the organization of cortical MTs can be affected by cellulose synthesis. Treatment with isoxaben, a cellulose synthesis inhibitor, results in disorganized cortical MTs in tobacco cells, suggesting that inhibition of cellulose synthesis affects MT organization , and treatment with 2,6-dichlorobenzonitrile, another cellulose synthesis inhibitor, alters MT organization in mor1 plants . Cortical MT orientation in Arabidopsis roots is also altered in two cellulose synthesis-deficient mutants, CESA6
52-isx and kor1-3, suggesting that CSC activity can affect MT arrays (Paredez et al., 2008) . Together, these results point to a bidirectional relationship between cellulose synthesis/patterning and MT organization.
MTs influence plant organ morphology, but the detailed mechanisms by which they do so are incompletely understood. The dynamics and stability of cortical MTs are also affected by MT-associated proteins (MAPs).
MAP18 is a MT destabilizing protein that depolymerizes MTs (Wang et al., 2007) , MAP65-1 functions as a MT crosslinker, and MAP70-1 functions in MT assembly (Korolev et al., 2005; Lucas et al., 2011) . MAP70-5 stabilizes existing MTs to maintain their length, and its overexpression induces right-handed helical growth (Korolev et al., 2007) ; likewise, MAP20 overexpression results in helical cell twisting (Rajangam et al., 2008) . CLASP promotes microtubule stability, and its mutant is hypersensitive to microtubule-destabilizing drug oryzalin (Ambrose et al., 2007) . KATANIN1 (KTN1) is a MT-severing protein that can sever MTs into short fragments and promote the formation of thick MT bundles that ultimately depolymerize (Stoppin-Mellet et al., 2006) , and loss of KTN1 function results in reduced responses to mechanical stress (Uyttewaal et al., 2012) . In general, cortical MT orientation responds to mechanical signals and can be altered by applying force directly to the shoot apical meristem (Hamant et al., 2008) . The application of external mechanical pressure to Arabidopsis leaves also triggers MT bundling (Jacques et al., 2013) . Kinesins, including KINESIN-13A (KIN-13A) and FRAGILE FIBER1 (FRA1), have been implicated in cell wall synthesis (Cheung and Wu, 2011; Fujikura et al., 2014) . The identification of cell wall receptors and sensors is beginning to reveal how plant cell walls sense and respond to external signals (Humphrey et al., 2007; Ringli, 2010) ; some of them, such as FEI1, FEI2, THESEUS1 (THE1), FERONIA (FER), HERCULES RECEPTOR KINASE1 (HERK1), WALL ASSOCIATED KINASE1 (WAK1), WAK2, and WAK4, have been characterized (Lally et al., 2001; Decreux and Messiaen, 2005; Kohorn et al., 2006; Xu et al., 2008; Guo et al., 2009; Cheung and Wu, 2011) . However, the relationships between wall integrity, cytoskeletal dynamics, and wall synthesis have not yet been fully elucidated.
In this study, we analyzed CMF patterning, MT patterning and dynamics, and cellulose biosynthesis in the Arabidopsis xxt1 xxt2 double mutant that lacks detectable XyG and displays altered growth (Cavalier et al., 2008; Park and Cosgrove, 2012a) . To investigate whether and how XyG deficiency affects the organization of CMFs and cortical MTs, we observed CMF patterning in xxt1 xxt2 mutants and Col (wild-type) controls using atomic force microscopy (AFM), field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and confocal microscopy (Hodick and Kutschera, 1992; Derbyshire et al., 2007; Anderson et al., 2010; Zhang et al., 2014) . We also generated transgenic Col and xxt1 xxt2 lines expressing GFP-MAP4 (Marc et al., 1998) and GFP-CESA3 (Desprez et al., 2007) , and analyzed MT arrays and cellulose synthesis using live-cell imaging. Our results show that the organization of CMFs is altered, that MTs in xxt1 xxt2 mutants are aberrantly organized and are more sensitive to external mechanical pressure and the MT-depolymerizing drug oryzalin, and that cellulose synthase motility and cellulose content are decreased in xxt1 xxt2 mutants. Furthermore, real-time quantitative RT-PCR measurements indicate that the enhanced sensitivity of cortical MTs to mechanical stress and oryzalin in xxt1 xxt2 plants might be due to altered expression of MT-stabilizing and wall receptor genes. Together, these data provide insights into the connections between the functions of XyG in wall assembly, the mechanical integrity of the cell wall, cytoskeleton-mediated cellular responses to deficiencies in wall biosynthesis, and cell and tissue morphogenesis.
RESULTS
xxt1 xxt2 Double Mutants Have Shorter, Broader Hypocotyls and Cells xxt1 xxt2 double mutants have been shown to have shorter root hairs with bulging bases (Cavalier et al., 2008) . To investigate whether a lack of XyG also affects hypocotyl morphogenesis, Arabidopsis Columbia (wild-type, Col) ecotype and xxt1 xxt2 seeds were sown on Murashige and Skoog (MS) plates without Suc and grown in the dark for 2 to 6 d to measure hypocotyl elongation. xxt1 xxt2 etiolated seedlings exhibited shorter hypocotyls after growing for 6 d (Fig. 1, A and B). Six-day-old etiolated xxt1 xxt2 seedlings had an average length of 1.25 6 0.02 cm (SE, n = 93), whereas Col controls had an average length of 1.57 6 0.01 cm (SE, n = 92) (Fig. 1, A and B ). The differences in hypocotyl lengths first became evident 3 d after germination (Fig. 1B) . To determine whether the shorter hypocotyls of xxt1 xxt2 seedlings were because of decreased cell lengths, the lengths of epidermal cells in top, middle, and bottom regions of hypocotyls in 6-d-old darkgrown Col and xxt1 xxt2 seedlings were measured. The cells of xxt1 xxt2 seedlings in all three regions were shorter than those of Col controls (Fig. 1, C and D) . Moreover, 3-d-old dark-grown xxt1 xxt2 hypocotyls were wider and had larger cortical cells than Col controls (Fig. 1, E and F) , in agreement with previous data for 4-d-old dark-grown hypocotyls (Cavalier et al., 2008) . The decreased hypocotyl and cell lengths and increased hypocotyl and cell diameters of xxt1 xxt2 mutants indicate that disruption of XyG results in reduced anisotropic cell growth.
Adult xxt1 xxt2 Plants Have Shorter, Bending Stems
When xxt1 xxt2 and Col plants were grown in soil in long-day conditions (16 h light/8 h dark), xxt1 xxt2 plants had smaller rosette leaves than Col controls (Supplemental Fig. S1 , A-C), consistent with previous observations (Cavalier et al., 2008; Park and Cosgrove, 2012a) . xxt1 xxt2 plants also displayed bending stems ( Fig. 2; Supplemental Fig. S1 , D-F). xxt1 xxt2 stems formed more acute angles (average bending angle = 98.48 6 7.08 degrees [SE, n = 22]) than Col stems (average angle = 156.99 6 3.68 degrees [SE, n = 16]; Fig. 2B ). Moreover, completely mature 8-week-old xxt1 xxt2 plants were shorter than Col controls, with average stem length in xxt1 xxt2 plants being approximately 20% shorter than that in Col plants (Supplemental Fig.  S1 , G-I). Thus, the elongation defect observed in xxt1 xxt2 etiolated hypocotyls is also present in adult stems.
Cellulose Microfibril Organization Is Altered in xxt1 xxt2 Mutants
To investigate whether CMF organization is altered in the absence of XyG, we used AFM (Zhang et al., 2014) , FESEM (Derbyshire et al., 2007) , TEM (Hodick and Kutschera, 1992) , and Pontamine Fast Scarlet 4 BS (S4B) fluorescence staining combined with spinning disk confocal microscopy (Anderson et al., 2010) to observe cellulose patterning in etiolated hypocotyls from Col and xxt1 xxt2 plants. AFM images of Col walls from hypocotyls revealed that CMFs at the most recently deposited cell wall surface (proximal to the plasma membrane) were dispersed and arranged in lamellae with distinctive CMF orientations (19/29 images), whereas CMFs of xxt1 xxt2 walls were largely parallel to one another, without evidence of underlying lamellae (13/13 images; Fig. 3A ). Average CMF diameter was not significantly different between Col (3.3 6 0.3 nm, SD, n = 35) and xxt1 xxt2 (3.2 6 0.2 nm, SD, n = 34) samples (Supplemental Fig. S2 ). CMFs in the mutant were notably straighter than in Col and were oriented approximately transversely to the long axis of the cell. To quantify the difference in microfibril organization between xxt1 xxt2 and wild type, we performed fast Fourier transformation (FFT) analysis of the AFM images (Baskin et al., 2004; Marga et al., 2005) . xxt1 xxt2 images had more eccentrical, ellipse-shaped transforms (Fig. 3B) , and the variance in eccentricity in the mutant was much smaller compared to wild type (bars, Fig. 3B ), indicative of the lower dispersion and higher alignment of CMFs in xxt1 xxt2 walls.
To further examine cell wall texture, other methods, including FESEM and TEM, were used to image Col and xxt1 xxt2 walls. Like AFM, FESEM reveals the patterning of wall surfaces, whereas in TEM experiments, oblique cross-sections of cell walls can be stained with silver proteinate to detect cellulose patterns. Imaging of these oblique sections can reveal the changing orientation of CMFs across multiple wall layers (Hodick and Kutschera, 1992; Vian et al., 1993) . We analyzed 3-d-old Arabidopsis etiolated hypocotyls 2 mm below the apical hook, where rapid elongation occurs. FESEM imaging revealed dispersely aligned CMFs in Col inner wall surfaces (126/126 images) and highly aligned, largely transverse CMFs in xxt1 xxt2 wall surfaces (48/ 48 images; Fig. 3C ). TEM images of epidermal cell walls from Col hypocotyls displayed evidence of lamellae with different CMF alignments, resulting in v-shaped or arc patterns (23/38 images), whereas images from xxt1 xxt2 hypocotyls showed more closely aligned lamellae (57/58 images; Fig. 3D ). These results further confirm that a lack of XyG in primary cell walls affects the organization of CMFs in xxt1 xxt2 mutants. S4B staining, which reveals the predominant pattern of cellulose fibers through the entire thickness of the wall, appeared to be more longitudinal relative to the cell axis in 6-d-old dark-grown xxt1 xxt2 hypocotyl epidermal cells than in Col controls (Fig. 3E ). We also observed wider spacing between S4B-stained fibers in xxt1 xxt2 hypocotyl cells (Fig. 3F ) that was similar to S4B staining in xxt1 xxt2 root epidermal cells (Anderson et al., 2010) . We note that CMFs were oriented transversely at the inner face of xxt1 xxt2 cell walls as detected by AFM and FESEM (Fig. 3 , A and C), whereas the CMFs appeared to be longitudinal by S4B staining, which we take as an indication of the net CMF orientation throughout the entire wall thickness. The difference in orientation might be attributable to the difference in seedling age between these experiments: due to technical constraints, rapidly growing 3-d-old seedlings were used for AFM and FESEM experiments, whereas older, more fully elongated 6-d-old seedlings were used for S4B staining experiments.
These AFM, FESEM, TEM, and S4B staining results support the conclusion that a lack of XyG affects CMF organization, both at the innermost face of the wall and throughout its thickness.
Cortical Microtubule Organization and Dynamics Are Altered in xxt1 xxt2 Mutants xxt1 xxt2 mutants display altered mechanical properties, with reduced wall stiffness but diminished expansin-induced extension (Cavalier et al., 2008; Park and Cosgrove, 2012a) . Cortical MTs have been shown to respond to changes in tissue mechanical properties (Hamant et al., 2008) , prompting us to explore whether MT organization is affected in xxt1 xxt2 mutants, since they display aberrant cellulose organization and wall stiffness. We first transformed xxt1 xxt2 plants with an mCherry-TUA5 construct (Gutierrez et al., 2009 ) to label microtubules themselves, but the recovered transformants displayed severe growth defects and sterility. We next generated transgenic lines expressing the MT marker GFP-MAP4 (Marc et al., 1998) in the Col and xxt1 xxt2 backgrounds to observe MT patterns. Compared to Col controls, which had mostly transverse GFP-MAP4-labeled MTs in the top region of the hypocotyl, MTs were less organized in the top region of xxt1 xxt2 mutant hypocotyls (Fig. 4, A and B) . Whereas MTs were oriented more obliquely in the middle region of Col hypocotyls, MTs were mostly longitudinally oriented in the middle region of xxt1 xxt2 hypocotyls (Fig. 4, C and D) . In contrast, at the bottom of the hypocotyl, Col seedlings had more longitudinally oriented MTs, whereas xxt1 xxt2 mutants had more obliquely oriented MTs (Fig. 4 , E and F). These results indicate that loss of XyG in xxt1 xxt2 mutants results in altered MT organization in all regions of the epidermis of dark-grown hypocotyls.
We also compared specific parameters for MT dynamics (Abe and Hashimoto, 2005) in Col and xxt1 xxt2 epidermal cells by analyzing MT growth and shrinkage frequencies and durations, finding that GFP-MAP4-labeled MTs in xxt1 xxt2 cells displayed slower growth rates, faster shrinkage rates, and more dynamicity (defined as the total distance of growth plus shrinkage per unit time) than MTs in Col controls (Table I ; Supplemental Movie S1). These data support the idea that MT stability is diminished in xxt1 xxt2 mutants.
Cortical Microtubules Are More Sensitive to Pressure and Oryzalin Treatment in xxt1 xxt2 Mutants
Cortical MTs respond to mechanical stresses to allow plants to adapt their tissue morphologies to the physical environment (Zandomeni and Schopfer, 1994; Hamant et al., 2008) . The application of external mechanical pressure on growing Arabidopsis leaves triggers MT bundling and creates continuous supracellular MT patterns (Jacques et al., 2013) . To monitor MT dynamics in Col and xxt1 xxt2 seedlings expressing GFP-MAP4 under external pressure, we constructed chambers with double-sided tape on glass slides, mounted 3-d-old etiolated seedlings in these chambers, pressed coverslips onto the tape to apply gentle, even pressure, and collected confocal z-series of GFP-MAP4 fluorescence. To facilitate the comparison of MT patterning in xxt1 xxt2 mutants with Col controls, we recorded images from top, middle, and basal hypocotyl epidermal cells. Under the gentle pressure of the imaging chamber, MT arrays in Col seedlings remained largely intact (Fig. 5 ) and had patterns similar to seedlings without any pressure as shown in Figure 4 . In contrast, in xxt1 xxt2 seedlings, MTs appeared fragmented to different degrees in cells from the three regions tested (Fig. 5A) . We scored the number of cells containing fragmented MTs for both genotypes and found that 51.5 6 4.7% (SE, n = 2210) of cells contained fragmented MTs in xxt1 xxt2 seedlings as compared to 3.1 6 0.6% (SE, n = 1791) of cells in Col controls (Fig. 5B) . We also recorded timelapse images for GFP-MAP4 in epidermal cells near the top of the hypocotyl and observed MT severing concomitant with MT depolymerization from intact MTs within short time periods in xxt1 xxt2 cells ( Fig. 5C ; Supplemental Movie S2).
One caveat of the above experiment is that since xxt1 xxt2 hypocotyls have larger diameters than Col hypocotyls (Fig. 1, E and F) , xxt1 xxt2 seedlings would be expected to undergo more severe deformation than Col seedlings upon mounting in double-stick tape chambers. To address this issue and to test whether the fragmented MTs we observed in etiolated xxt1 xxt2 seedling hypocotyls are due to wider seedling diameters or weaker walls, we constructed an additional chamber with a large cover glass (24 3 40 mm) at the bottom, two seedlings spaced 10 mm apart in 40 mL of water, and a smaller cover glass (18 3 18 mm) on top. In this chamber, the two seedlings are directly subjected to forces applied to the top coverslip. A balance weight was added to the top coverslip to apply external pressure to the seedlings for 10 s before recording z-series images from top, middle, and bottom hypocotyl regions of 3-d-old etiolated Col and xxt1 xxt2 lines expressing GFP-MAP4. Application of a 50 g balance weight caused more MT fragmentation in xxt1 xxt2 seedlings with a frequency of 37.7% of cells in the top region, 52.6% of cells in the middle region, and 82.1% of cells in the bottom region, whereas low frequencies of cells with MT fragmentation were observed in Col seedlings (Fig. 5D) . When a 100 g balance weight was applied, most of the cells in xxt1 xxt2 hypocotyls exhibited fragmented MTs, whereas fewer cells exhibited fragmented MTs in Col hypocotyls (Fig. 5E ). We did not observe fragmented MTs in either genotype when applying a 20 g balance weight to the seedlings (data not shown). These data indicate that xxt1 xxt2 mutants have weaker cell walls that result in lower MT stability in the face of external pressure, supporting a role for xyloglucan in maintaining wall strength.
Oryzalin, a drug that depolymerizes MTs, has been widely used in the study of plant MTs and the correlation between MTs and cellulose biosynthesis (Morejohn et al., 1987; Baskin et al., 1994; Baskin et al., 2004; Paredez et al., 2006; Wang et al., 2007; Paredez et al., 2008) . To test the sensitivity of MTs to oryzalin in Col controls and xxt1 xxt2 mutants, 3-d-old etiolated seedlings expressing GFP-MAP4 were incubated with 10 mM oryzalin in the dark for different time intervals and z-series were recorded from top, middle, and basal hypocotyl epidermal cells. In comparison to Col controls, xxt1 xxt2 seedlings showed MT depolymerization in multiple hypocotyl regions at earlier time points ( Fig.  6; Supplemental Fig. S3 ). Treatment with oryzalin for 30 min caused large amounts of MT depolymerization and disappearance in xxt1 xxt2 mutants, especially in the top and basal hypocotyl regions, where they remained relatively intact in Col controls ( Fig. 6;  Supplemental Fig. S3 ). In xxt1 xxt2 mutants, cortical MTs were nearly completely absent in all three regions Fig. 6; Supplemental Fig. S3 ). These data indicate that MTs in xxt1 xxt2 mutants are more sensitive to oryzalin. To test the effects of perturbing MT stability on hypocotyl growth in the presence or absence of XyG, we grew Col and xxt1 xxt2 seedlings in the dark on MS plates with oryzalin. xxt1 xxt2 hypocotyls grown in the presence of oryzalin were shorter and wider compared to Col hypocotyls exposed to the same concentrations of the drug (Supplemental Fig. S4, A and B) , indicating that xxt1 xxt2 seedlings are more sensitive to oryzalin at the whole-plant level. Together, these results suggest that MTs are more prone to depolymerization in xxt1 xxt2 mutant seedlings.
Expression of MAP and Wall Signal Receptor Genes Is Altered in xxt1 xxt2 Seedlings
To explore how plant cells might sense and translate different signals including perturbations in wall mechanical integrity into changes in MT stability, we measured the expression levels of several genes involved in MT dynamics and cell wall sensing/ biosynthesis by quantitative RT-PCR (qPCR) in Col and xxt1 xxt2 seedlings (Table II) . Upon measuring the transcript levels of these genes by qRT-PCR, we observed that several MT-related genes, specifically MAP20, MAP70-5, CLASP, CSI1, and FRA1, were significantly downregulated in the xxt1 xxt2. However, the expression levels of MAP18, MAP65-1, MAP70-1, KTN1, and KIN-13A did not differ significantly between the two genotypes. Among the cell wall receptor genes we tested, FEI1, FEI2, FER, and HERK1 were significantly downregulated in xxt1 xxt2 mutants, whereas WAK1 expression was significantly higher. No significant changes in expression were detected for THE1, WAK2, or WAK4. Finally, all three major primary wallassociated CESA genes, CESA1, CESA3, and CESA6, were significantly downregulated, although COBRA expression was not significantly lower in the xxt1 xxt2 mutant.
Cellulose Biosynthesis Is Decreased in xxt1 xxt2 Etiolated Seedlings
MTs can direct cellulose biosynthesis by guiding the trajectories of cellulose synthase complexes in the plasma membrane (Baskin et al., 2004; Paredez et al., 2006; Crowell et al., 2009; Gutierrez et al., 2009; Chan et al., 2011) . Conversely, inhibiting cellulose synthase activity with isoxaben influences MT organization (Scheible et al., 2001; Paredez et al., 2008) . To explore whether cellulose biosynthesis is also affected in xxt1 xxt2 mutants, we generated transgenic Col and xxt1 xxt2 plants expressing GFP-CESA3, a marker for CSCs (Desprez et al., 2007) . In epidermal cells at the tops of hypocotyls, GFP-CESA3 particle density was lower in xxt1 xxt2 mutants (0.37 6 0.06 particles/mm 2 [SE, n = 19 cells from 10 seedlings]) than in Col controls (1.05 6 0.09 particles/mm 2 [SE, n = 14 cells from 9 seedlings]; Fig. 7 , A-C). To further monitor CSC dynamics in xxt1 xxt2 mutants, GFP-CESA3 particle movement was analyzed in cells at the tops of hypocotyls and quantified from time-lapse images. Fewer linear tracks of CSCs were evident in time-average projections in xxt1 xxt2 compared to the well-organized CSC arrays in Col cells, and the average speed of GFP-CESA3 particles in xxt1 xxt2 seedlings was 250 6 4 nm/min (SE, n = 1443 particles, 7 cells from 6 seedlings), which was significantly slower than the average speed of 299 6 3 nm/min (SE, n = 2164 particles, 11 cells from 9 seedlings) in Col controls ( Fig. 7D ; Supplemental Movie S3). The reduced speed of GFP-CESA3 particles in xxt1 xxt2 mutants was also evident in kymographs, which showed slightly steeper (slower) slopes and more unidirectional movement from CSC tracks as opposed to shallower (faster) slopes and bidirectional movement in Col controls (Fig. 7E) . The frequency distribution of GFP-CESA3 particle speed in xxt1 xxt2 mutants contained more GFP-CESA3 particles with velocities below 200 nm/min compared to those in Col controls (Fig.  7F) . Additionally, the average distance between adjacent GFP-CESA3 particles in xxt1 xxt2 mutants (0.68 6 0.02, SE) was smaller compared to that in Col seedlings (0.93 6 0.02, SE), meaning that GFP-CESA3 particles tended to be more closely clustered in xxt1 xxt2 cells. Interestingly, GFP-CESA3 particle trajectory relative to the longitudinal axis of the cell was more evenly distributed in Col seedlings (average of 42 6 25 deg, SD) than in xxt1 xxt2 seedlings, where the particle trajectories were more transversely oriented (average of 47 6 26 deg, n $ 1043 particles from at least 5 images for each genotype, P , 0.001, t test; Supplemental Fig. S5 ). We also tested the effects of mechanical pressure on GFP-CESA3 particle density by applying a 50 g balance weight to seedlings for 10 min and found that GFP-CESA3 particle density was reduced by 35.6% in Col seedlings and 35.2% in xxt1 xxt2 seedlings (Supplemental Fig. S6 ).
The decreased GFP-CESA3 particle density and particle speed in xxt1 xxt2 seedlings suggest that cellulose synthesis is reduced in these plants, possibly resulting in reduced cellulose content in the cell wall. Indeed, crystalline cellulose content in xxt1 xxt2 mutants was approximately 20% lower than in controls (Fig. 7G) , consistent with previous results indicating that Glc content in the TFA-resistant cell wall fraction is significantly reduced in 7-d-old dark-grown xxt1 xxt2 seedlings (Cavalier et al., 2008) . Previous studies have shown that osmotic stress and cellulose synthesis inhibition facilitate the formation of MT-associated small compartments/small CESA compartments (MASCs/ SmaCCs), which result at least partially from internalization of CSCs (Crowell et al., 2009; Gutierrez et al., 2009 ). We observed a significantly higher abundance of MASCs/SmaCCs in xxt1 xxt2 (1.35 6 0.14 particles/ 100 mm 2 , SE, n = 15 cells) compared to wild type (0.85 6 0.08 particles/100 mm 2 , SE, n = 19 cells; P , 0.001, t test), which is consistent with reduced cellulose synthase activity in xxt1 xxt2. Collectively, these data indicate that the deficiency of XyG in the xxt1 xxt2 mutant affects CSC activity and distribution, as well as cellulose content.
DISCUSSION
To synthesize the data described above into a deeper understanding of how XyG deficiency affects cell wall integrity, cytoskeletal dynamics, and cell growth, we began by examining the effects of XyG loss on cell wall organization. XyG, cellulose, and pectins contribute to plant cell wall structure and mechanics, although exactly how these polymers interact to form a loadbearing network is under debate (Cosgrove, 2014) . Previous confocal imaging data with S4B suggested that large fibrillar bundles of cellulose in xxt1 xxt2 root epidermal cell walls were more widely spaced compared with Col controls (Anderson et al., 2010) . Similarly, we observed wider spacing of S4B-stained bands in xxt1 xxt2 hypocotyl epidermal cells, and these were also more longitudinal in orientation than in Col controls (Fig. 3E) . Assuming that S4B labeling and confocal imaging reveals cellulose aggregates, these results suggest that disruption of XyG biosynthesis alters CMF organization and that XyG might act as a spacer molecule to facilitate a more homogenous distribution of cellulose in the primary wall on the scale of hundreds of nm.
Consistent with these ideas, AFM and FESEM revealed highly parallel CMFs at the inner face of xxt1 xxt2 cell walls, in contrast with the more dispersed network-like arrays of CMFs in Col (Fig. 3, A and C) . The increased CMF alignment at the nano-scale in the xxt1 xxt2 walls suggests that XyG functions to reduce spontaneous interactions of CMFs. Such interactions and alignment may also account for the straighter CMFs we observed, but in addition, the absence of XyG may increase the order or crystallinity of CMFs (Park and Cosgrove, 2015) , potentially producing stiffer and straighter CMFs. As additional evidence on this point, the multilamellar pattern observed in Col cell walls by TEM was absent in xxt1 xxt2 (Fig. 3D) , a further indication that a lack of XyG changes the molecular interactions among CMFs and disrupts the organization of the outer epidermal cell wall. Although increased cellulose interactions in xxt1 xxt2 walls might be expected to increase resistance to deformation at the nm scale, an arrangement of parallel, widely spaced microfibril aggregates in the older (outer) parts of the cell wall might be expected to diminish the global mechanical resilience of the primary wall, since differently oriented layers of cellulose can reinforce the wall in multiple directions (Green, 1960) . These results add a more detailed, multiscale understanding of XyG-dependent effects on wall mechanics, polymer interactions, and expansin action that have been documented in previous reports (Cavalier et al., 2008; Dick-Pérez et al., 2011; Park and Cosgrove, 2012a) .
In addition to being shorter than wild-type controls (Cavalier et al., 2008) , we found that xxt1 xxt2 stems display a bending phenotype, and dark-grown hypocotyls are curved at the base (Figs. 1 and 2) , implying a connection between XyG and the function of MTs in plant organ morphogenesis. The growth defects of xxt1 xxt2 mutants have recently been reported to be complemented by expression of a nasturtium XXT2 transgene (Mansoori et al., 2015) , indicating that the phenotypes reported here are attributable to a lack of XyG xylosyltransferase activity. Many mutants with defects in MTs or MAPs show bent or twisted organs as a result of changes in MT organization that presumably alter the orientation of CMFs as determined by CSC trajectories (Hussey, 2002; Thitamadee et al., 2002; Nakajima et al., 2006; Ishida et al., 2007; Wightman et al., 2013) . MTs can respond to different environmental cues and stresses including light, hormones, and mechanical force (Le et al., 2005; Hamant et al., 2008; Sambade et al., 2012) , and one mechanism by which plant cells respond to mechanical stress is by remodeling the cortical MT cytoskeleton, resulting in stress minimization and changes in organ morphology (Hamant et al., 2008) . In xxt1 xxt2 hypocotyl epidermal cells expressing GFP-MAP4, a marker that itself affects MT stability to some degree (Olson et al., 1995) , we observed that cortical MT arrays are organized differently from those in Col plants also expressing GFP-MAP4 (Fig. 4) and displayed altered dynamics (Table  I) . Moreover, MTs in xxt1 xxt2 seedlings expressing GFP-MAP4 depolymerize and sever more readily in response to mechanical pressure and are also more sensitive to oryzalin than in wild-type controls expressing GFP-MAP4 (Figs. 5 and 6). Our experiments in which gentle force was applied to seedlings (Fig. 5) indicate that the reduction in MT stability in xxt1 xxt2 plants might be because of a decrease in the ability of the cell wall to withstand externally applied force. Others have found that the distribution of at least some apoplastic proteins can change in response to mechanical forces (Ambrose et al., 2013) , suggesting that both cell walls and the cytoskeleton dynamically respond to this type of stimulus. However, the altered MT patterning we observed in seedlings without externally applied force (Fig. 4) suggest that the intrinsic forces placed upon cell walls during anisotropic growth are sufficient to alter MT dynamics in the absence of XyG. MT coalignment has been negatively correlated with MT stability (Wightman et al., 2013) . However, changes in MAP activities can also greatly affect MT array organization, cell morphogenesis, and organogenesis (Wasteneys and Ambrose, 2009 ). In our results, MTs in the growing top and bottom of xxt1 xxt2 hypocotyls were less aligned despite their reduced stability, suggesting that reduced MT stability does not in itself promote MT coalignment, which might be due to the changes in gene expression we observed for MAPs such as MAP20, MAP70-5, CLASP, and CSI1 (Table II) . These results suggest that reduced levels of these MAPs might be responsible for the decreased MT stability we observed in xxt1 xxt2 seedlings. However, there is no observed stem-bending phenotype in MAP70-5 RNAi plants and clasp-1 mutants, whereas helical growth is evident in MAP70-5 overexpression lines (Ambrose et al., 2007; Korolev et al., 2007) . Transcriptome analysis of xxt1 xxt2 plants might be informative in examining the full complement of genes or proteins that connect XyG deficiency to changes in MT patterning and stability. Similarly, treatment with oryzalin in AtCESA6 52-isx mutant seedlings expressing GFP-MAP4 results in randomized MTs throughout the root elongation zone versus transverse MTs in wild-type controls (Paredez et al., 2008) , indicating a link between wall integrity and MT stability. Our data further support the role of MTs in a feedback-loop relationship between mechanical force and organ morphogenesis. Meristematic cells contain network-like arrays of cortical MTs (Hamant et al., 2008) , expand relatively isotropically, and are dependent on pectin-mediated changes in wall stiffness for organ initiation (Peaucelle et al., 2011) . However, we did not observe obvious defects in meristem organization or phyllotaxis in xxt1 xxt2 mutants as compared to Col controls, opening the possibility that in isotropically expanding meristematic cells, pectin might play a predominant role in controlling morphogenesis. Based on the phenotypes we observed in anisotropically elongating cells in the xxt1 xxt2 mutant and on a requirement for pectin remodeling in elongating cells of Arabidopsis (Xiao et al., 2014) , we hypothesize that in linearly elongating tissues such as hypocotyls and stems, both XyG and pectin influence highly anisotropic cell expansion, which depends both on pectin modification (Peaucelle et al., 2015) and on linearly aligned circumferential arrays of cortical MTs and CMFs (Baskin et al., 1994) .
Cell wall receptors have been hypothesized to allow the MT cytoskeleton, the cell wall, and other cellular components to sense and respond to stress signals (Humphrey et al., 2007; Ringli, 2010; Steinwand and Kieber, 2010) . To explore the mechanism by which MTs in xxt1 xxt2 seedlings are more responsive to mechanical perturbation, we used qPCR to measure the expression levels of genes encoding cell wall receptors. We found that the expression levels of FEI1, FEI2, FER, and HERK1 were lower in xxt1 xxt2 plants, suggesting that the expression levels of these genes might be tuned to match the lower basal wall integrity that is present in the xxt1 xxt2 background. However, we found that expression of cell wall-associated receptor-like kinase WAK1 was significantly higher in xxt1 xxt2 mutants relative to Col controls (Table II) . WAK1 can bind to pectin (Decreux and Messiaen, 2005) , and glycome profiling has indicated that pectins are altered in the xxt1 xxt2 mutant . Therefore, an increase in WAK1 expression in the xxt1 xxt2 mutant suggests that WAK1 expression might be upregulated to match a compensatory increase in pectin abundance in the absence of xyloglucan, maintaining a balance between the numbers of pectinaceous WAK1 binding sites in the wall and WAK1 molecules in the plasma membrane; however, this idea requires further experimentation to confirm. Alternatively, WAK1 expression is known to increase in response to some stresses (He et al., 1998) , and the absence of XyG in xxt1 xxt2 mutants might simply cause an intrinsic stress that results in increased WAK1 expression.
We observed lower GFP-CESA3 particle density and speed in xxt1 xxt2 mutant seedlings, which might result in reduced cellulose synthase activity and less crystalline cellulose content in xxt1 xxt2 mutant walls (Fig. 7) . However, previous studies have reported higher cellulose crystallinity at 29°C in mor1-1 mutants, which show reduced MT and GFP-CESA3 density (Fujita et al., 2011) . Thus, it is currently unclear whether there it is directly linear correlation between CESA particle density and crystalline cellulose production. The lower density and smaller distance between neighboring GFP-CESA3 particles in xxt1 xxt2 cells indicates that the distribution of GFP-CESA3 particles is more closely clustered in xxt1 xxt2 cells. Additionally, the bias in GFP-CESA3 particle trajectory angle toward transverse we detected in xxt1 xxt2 cells (Supplemental Fig. S5 ) might provide an explanation for the more transverse CMF orientation we observed at the newly formed layers of xxt1 xxt2 cell walls by AFM and FESEM (Fig.  3) . Together, our data suggest that the levels and patterns of cellulose synthesis are reduced in the absence of XyG, in agreement with glycosyl residue composition analysis showing a reduction in Glc in the TFA-resistant wall fraction of the xxt1 xxt2 mutant (Cavalier et al., 2008) .
Combining our results with previous data, we hypothesize some of the functional connections between XyG, cellulose, and MTs to explain how XyG deficiency affects wall mechanical properties and the microtubule cytoskeleton (Fig. 8) . The lack of XyG in xxt1 xxt2 mutants might result in the aggregation of CMFs to form parallel bundles (Fig. 3) , preventing the formation of the netlike, multilamellar microfibril arrangements that reinforce wild-type walls. This reduction in wall mechanical integrity in xxt1 xxt2 plants might make their cell walls more sensitive to intrinsic and extrinsic mechanical perturbations. One simple model for how this might translate into a reduction in MT stability is that the cell wall might be connected to microtubules directly or indirectly and transmit mechanical forces differently in the absence of xyloglucan; for example, growing CMFs are physically connected to MTs via CSCs and CSI1 , and bundled CMFs might transmit external force more strongly to microtubules in xxt1 xxt2 plants, causing them to fragment more readily under mechanical stress. Alternatively, a Figure 8 . A proposed model of how xyloglucan might affect cellulose and cortical MTs, depicted graphically. Xyloglucan deficiency might promote CMF bundling and result in alterations in wall stiffness and responsiveness to expansins. Cortical MTs might become less stable directly as a result of altered wall mechanics or possibly due to activated wall integrity signaling and changes in MAP expression/activity, making them more likely to fragment in response to mechanical pressure. MTs guide CSCs at the plasma membrane, and a reduction in MT stability might result in reduced CSC density and motility.
lack of XyG might directly or indirectly activate wall integrity signaling pathways, resulting in changes in the expression of microtubule-related genes. Cortical MTs have been proposed to play a key role in the response of plant cells to mechanical stress (Hamant et al., 2008) . In xxt1 xxt2 mutants, down-regulation of MAP20, MAP70-5, and CLASP might destabilize MTs (Table II) , making them more sensitive to mechanical pressure and oryzalin treatment (Figs. 5 and 6 ). This MT destabilization might also be expected to affect the trajectories and/or processivity of CSCs, which are normally guided by MTs to produce cellulose (Fig. 7) , and the resultant reduction in cellulose production we observed might be one cause for the defects in anisotropic growth of elongating xxt1 xxt2 cells (Baskin, 2005) . xxt1 xxt2 plants are small, and have short hypocotyls and bent stems (Figs. 1 and 2) , as well as short, bulbous root hairs, implying that their cell walls are weaker (Cavalier et al., 2008) . This weakness could arise as a combination of the direct mechanical effect of XyG deficiency, along with a potentially MT-mediated reduction in cellulose synthesis. In summary, we postulate that a lack of xyloglucan affects cellulose organization, which then alters MT stability and organization, either through a direct mechanical connection or via activation of wall integrity sensor signaling pathways and changes in MAP expression; this loss of normal MT stability and/or organization correlates with reduced CSC activity (Fig. 8) .
A remaining challenge is to precisely determine how alteration of wall composition and organization alters wall mechanical properties in the xxt1 xxt2 mutant, given that recent data have shown that wall stiffness is also decreased in two Arabidopsis cellulose-deficient mutants, prc1-1 and prc1-1/the1 , and that pectin modification, especially pectin demethylation, can likewise alter mechanical strength in Arabidopsis stems (Hongo et al., 2012) . xxt1 xxt2 walls are more extensible than Col walls upon treatment with pectindegrading enzymes (Park and Cosgrove, 2012a) , further supporting the function of pectins in regulating wall biomechanics. Different cell wall components can influence biomechanics in distinct ways, but can also function in concert to maintain wall mechanical integrity. This study reveals how the absence of XyG can affect the interplays between cell wall architecture and mechanics, cytoskeletal organization and dynamics, and wall biosynthesis, which converge to allow plants to develop a multitude of cell shapes and organ forms.
MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) ecotype Colombia (Col) and xxt1 xxt2 double mutants (Cavalier et al., 2008) were used in this study. Constructs for the expression of GFP-CESA3 (Desprez et al., 2007) and GFP-MAP4 (Marc et al., 1998) were transformed into Col and xxt1 xxt2 mutant plants with Agrobacterium tumefaciens strain GV3101 using the floral dip method (Clough and Bent, 1998) . Positive transformants were selected on MS plates containing 25 mg/mL hygromycin (Omega Scientific). Seedlings were grown on MS plates containing 2.2 g/L MS salts (Caisson Laboratories), 0.6 g/L MES (2-Nmorpholino-ethanesulfonic acid; Research Organics), 1% (w/v) Suc, and 0.8% (w/v) agar-agar (Research Organics), pH 5.6, under 24 h light in a 22°C chamber. Seedlings were transplanted from MS plates to soil fertilized with Miracle-Gro for growth under 16 h light/8 h dark in a 22°C growth chamber. Adult plants were imaged using a Nikon D5100 DSLR camera, and rosette diameters and stem angles were measured using ImageJ. Stem height was directly measured using a ruler.
Hypocotyl and Cell Measurements
Seeds were surface-sterilized in 30% bleach + 0.1% (w/v) SDS, washed four times with sterile water, stored at 4°C for 3 d, and sown on MS plates without Suc. Seeds were exposed to light for 4 h to stimulate germination, then wrapped in two layers of aluminum foil and grown for 2 to 6 d at 22°C. Plates with etiolated seedlings were scanned using an HP Scanjet 8300 scanner at 600 dpi, and hypocotyl length was measured using ImageJ. To measure cell length, 6-d-old etiolated seedlings were mounted in water and images of epidermal cells were recorded using a Plan Neofluar 103/0.3 NA air objective (Zeiss) on a Zeiss Axio Observer SD spinning disk confocal microscope with a CSU-X1 spinning disk head (Yokogawa). Cell length in recorded images was quantified using ImageJ. To measure hypocotyl diameter, 3-d-old etiolated hypocotyls were mounted on glass slides, and images were recorded using a light microscope with a 103 objective. For cross-sections, hypocotyls were fixed with 4% formaldehyde in 20 mM HEPES buffer (pH 7.0) overnight at 4°C. After being dehydrated through a series of 20, 30, 40, 50, 60, 70, 80, 90, and 100% acetone solutions for at least 20 min at each step, the samples were infiltrated with a gradient of 30, 50, 75, and 100% Spur's resin (Electron Microscopy Sciences, Hatfield, PA) in acetone at room temperature for at least 1 h at each step and incubated at 70°C for 24 h. Sections of 200 nm thickness were cut and images were collected by light microscopy. Hypocotyl diameters were measured using ImageJ.
AFM
Arabidopsis Col and xxt1 xxt2 seedlings were grown in the dark at 22°C for 3 d before harvesting hypocotyls. Tissues were ground in liquid nitrogen and rinsed in 20 mM HEPES (pH 7.0) with 0.1% Tween 20 at least three times until the supernatant was clear. A droplet (approximately 25 mL) of resuspended cell wall samples was added to a clean glass slide, and excess water was evaporated while keeping samples visibly moist (approximately 5 min). To remove loosely bound cell wall fragments, samples were rinsed with 20 mM HEPES buffer before scanning by AFM in buffer in ScanAsyst and PeakForce Tapping modes (Dimension Icon, Bruker, CA). Hypocotyl epidermal walls were screened according to their distinctive elongated rectangular shape under transmitted light microscopy. The most recently deposited layers of outer periclinal walls showed microfibril patterns in the AFM images, whereas the cuticle side was distinguished by a smooth appearance. SCANASYST-FLUID + probes (Bruker) with a spring constant between 0.2-0.7 N/m were chosen for all experiments. All images of 0.5 mm or 2 mm in size were scanned at 512 3 512 sampling rates. Thirteen to 15 different cells or fragments from each sample were scanned, and representative images were chosen to compare the pattern of microfibril organization. To measure microfibril diameter, 50 microfibrils were chosen from five or seven images (0.5 mm 3 0.5 mm in size) of Arabidopsis Col and xxt1 xxt2 seedlings. Deconvolved individual peak width was used to measure microfibril diameter.
FFT Analysis of AFM Images
FFT of AFM images was performed to quantify differences between wild type and xxt1 xxt2 images using the ImageJ plugin "fit ellipse 3c" provided by Dr. Tobias Baskin (Marga et al., 2005) . The Fourier transforms contain information about both the orientation and periodicity of the spatial patterns. The images were transformed into a shape that can be fitted to an ellipse at a series of spatial frequencies. The major axis of the ellipse is perpendicular to the net orientation of microfibrils. The more eccentric the transform at a given spatial frequency, the greater orientational order at that frequency corresponding to spacing between repeating features in the image. AFM images from Col or xxt1 xxt2 walls were exported at 512 3 512 pixel image size in TIFF format from Nanoscope Analysis (v1.40) and converted to 8 bit images using ImageJ. At least nine images from each genotype were used for FFT analysis. Mean eccentricities were plotted against spatial frequency and the SD was plotted to analyze differences in variations.
FESEM
For FESEM, epidermal strips were peeled from the apical hypocotyl region of 3-d-old dark-grown seedlings and washed in 20 mM HEPES buffer with 0.1% Tween 20 for 1 h. Samples were washed in water for 5 min and treated with 50 mM N-cyclohexyl-3-aminopropanesulfonic acid (pH 10) containing with 10 mg/mL pectate lyase (Megazyme E-PLYCJ, Lot 30501) and 2 mM CaCl 2 for 20 h at room temperature. After washing with water for 15 min, 1% sodium hypochlorite for 10 min, and water for 15 min, samples were mounted on 200 mesh grids and kept in 100% ethanol for 30 min, then critical-point dried (CPD-030). Carbon tape was pasted onto a sample stage, then grids with samples were adhered to the carbon tape and coated on an EMITECH K575X sputter coater with iridium for 5 s under a 40 mA current on a rotating stage. Images were collected by field emission scanning electron microscopy using a Zeiss SIGMA VP-FESEM under 10 kV and 80 mA beam current conditions.
TEM
The apical portions of hypocotyls were cut 2 mm below the apical hook in 3-d-old dark-grown Col and xxt1 xxt2 seedlings. Samples were immediately immersed in a fixative composed of 2.5% glutaraldehyde, 2% caffeine, and 0.1% Triton X-100 in 50 mM phosphate buffer (pH 7.0) for 3 h. Samples were washed 3 times for 5 min with 50 mM phosphate buffer to remove glutaraldehyde. After incubation in 50 mM EDTA for 16 h, samples were washed with 50 mM phosphate buffer, then water. After staining with 2% OsO4 for 1 h and washing with water 5 times for 3 min each, samples were dehydrated with an ethanol series (25%, 50%, 60%, 70%, 80%, 90%, 100%; 10 min for each step); 100% EM grade ethanol 3 times, 10 min for each step; 100% acetone 3 times, 10 min for each step. The washed samples were infiltrated with acetone: Eponate 12 resin (2:1, 1:1, 1:2, . 6 h for each step) and pure Eponate 12 (3 times for . 6 h). Samples were embedded in a mold, positioned to keep the apical hook on the top of the mold. After incubating at 70°C overnight, ultrathin sections (approximately 70 nm) were cut at room temperature using an ultra-microtome equipped with a diamond knife (Leica EM UC6) and collected on gold grids. Sections were stained with periodic acid-thiocarbohydrazide-silver proteinate (PATAg staining) followed by lead citrate (Pb staining) as follows: grids with section side down were floated on a drop of 1% periodic acid for 30 min, then washed with double distilled water three times and incubated in 0.2% thiocarbohydrazide in 20% acetic acid for 24 h. The grids were then washed in 10% acetic acid (two rapid washes, followed by three washes of 20 min each), 5% acetic acid (20 min wash), 2% acetic acid (20 min wash), and double distilled water (two rapid washes, followed by three washes of 20 min each). Grids were then stained for 30 min in 1% silver proteinate (Roques) in double distilled water, washed in two rapid changes of double distilled water in the dark, and washed in double distilled water (three washes of 20 min each) in the light. For Pb staining, samples were stained with 0.46% lead citrate in water for 12 min, then washed with 25 mM NaOH, 12.5 mM NaOH and double distilled water for 1 min each. Images were collected using a transmission electron microscope (FEI Tecnai TEM) in 120-kV accelerating voltage conditions.
S4B Staining in Hypocotyls
Six-day-old dark-grown Col and xxt1 xxt2 seedlings were incubated with 48 U/mL pectinase (Sigma P2611) in liquid MS medium for 20 min at 30°C. Pectinase can dissolve the pectin layer between the cell wall and the cuticle (Verbelen and Kerstens, 2000) , allowing the cellulose-binding dye S4B (Anderson et al., 2010) to stain hypocotyl epidermal cells. After partial cuticle removal, hypocotyls were washed one time with fresh liquid MS and stained with 0.01% (w/v) S4B in fresh MS medium for 30 min in the dark at room temperature before imaging by spinning disk confocal microscopy.
Cellulose Content Measurements
Crystalline cellulose content was measured in 6-d-old etiolated Col and xxt1 xxt2 seedlings using the Updegraff method (Updegraff, 1969) . Seedlings were incubated in 80% ethanol at 65°C overnight, incubated with acetone overnight at room temperature after removing ethanol, then allowed to dry in a fume hood. The air-dried residue was ball milled for 3 min at room temperature using a Retsch Cryomill. After weighing the resulting powder, the powder was suspended in a solution of acetic acid:nitric acid:water = 8:1:2 at 100°C for 30 min. Pellets were sedimented for 5 min at 20,000 g and resuspended in 67% sulfuric acid (Sigma). Absorbance at OD 620 was read for samples in 1 mL of 0.2% anthrone (Sigma) in concentrated sulfuric acid using a spectrophotometer (NanoDrop 2000C). D-Glc (Sigma) was used as a standard for calculation of cellulose content in samples.
Confocal Microscopy
For imaging experiments, seedlings were placed in chambers composed of two pieces of double-stick tape (3M Permanent) adhered 20 mm apart on a microscope slide, immersed in 40 mL water and covered with 24 3 40 mm #1.5 coverslips (Corning). For application of pressure, the coverslip was gently pressed onto the double-stick tape using forceps. To standardize external pressure, an additional chamber was designed with a large cover glass (24 3 40 mm) at the bottom, two seedlings in 40 mL of water, and a smaller cover glass (18 3 18 mm) on the top, and a balance weight was added to the top coverslip after mounting on the microscope. Images were taken on a Zeiss Observer SD spinning disk confocal microscope with a 1003 1.40 NA oil-immersion objective. GFP fluorescence was detected in hypocotyl cells using a 100 mW 488 nm excitation laser and 525/50 nm emission filter, and S4B fluorescence was detected using a 561 nm excitation laser and 617/73 nm emission filter. Images of GFP-CESA3 were recorded in hypocotyl cells just below the apical hook. Z-series and time-lapse images were analyzed using ImageJ, and GFP-CESA3 particle density, speed, distance, and trajectory angle were quantified computationally using Imaris (Bitplane; Chen et al., 2010) .
Drug Treatments
Drug treatments for live-cell imaging were identical to those described previously (Paredez et al., 2008) . Three-day-old dark-grown seedlings were submerged in 1 mL liquid MS containing 10 mM oryzalin (Chem Service N-12729) diluted from a 10 mM stock solution dissolved in DMSO (Sigma) and incubated in darkness for 30 min to 240 min. To analyze hypocotyl elongation, oryzalin was added to MS plates at different concentrations, seeds were sown on the plates, and hypocotyl length and width in 3-d-old dark-grown seedlings were measured using ImageJ.
MT Angle Measurement and MT Dynamicity Quantification
Angle measurement of MTs was performed using the angle measure tool of ImageJ (Wightman et al., 2013) . The longitudinal growth axis of each cell was used as a 0°reference angle. All measured angles were normalized to fall between 0°and 90°. The growth rate and shrinkage rate of microtubules were calculated based on the length grown or shortened by single microtubules divided by the time interval. Catastrophe and rescue frequency were calculated from the inverse of the mean time spent in growth and in shrinkage, respectively (Dhonukshe and Gadella, 2003; Abe and Hashimoto, 2005) . Dynamicity was calculated by dividing the sum of the grown and shrunk lengths, by the total time (Toso et al., 1993; Abe and Hashimoto, 2005) .
RNA Extraction and Gene Expression Analysis
Total RNA was extracted from 3-d-old dark-grown Col and xxt1 xxt2 seedlings using a Plant RNA Kit (Omega Bio-Tek). Samples were treated with RNase-free DNase I (NEB) on a column to remove genomic DNA. RNA concentration was measured by spectrophotometer (NanoDrop 2000C), and first-strand cDNA was synthesized using qScript cDNA SuperMix (Quanta Biosciences) from 500 ng DNase I-treated total RNA. qPCR was performed using SYBR Green FastMix (Quanta Biosciences) with cDNA and gene-specific primers on a StepOne Plus Real-Time PCR machine (Applied Biosystems). Data were analyzed using StepOne software (Applied Biosystems) and target gene transcript levels were calculated relative to EF1-a using the DDCT method. Primer sequences are listed in Supplemental Table S1 .
Statistical Analyses
All experimental results were from at least two biological replicates. The data are represented as the average 6 SD or SE. Analyses were performed using Student's t-test to evaluate the significant difference, and the P-values are shown as P , 0.05 and P , 0.001.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: CESA1 (At4g32410), CESA3 (At5g05170), CESA6 (At5g64740), CLASP (At2g20190), COBRA (At5g60920), CSI1 (At2g22125), EF1-a (At5g60390), FEI1 (At1g31420), FEI2 (At2g35620), FER (At3g51550), FRA1 (At5g47820), HERK1 (At3g46290), KIN-13A (At3g16630), KTN1 (At1g80350), MAP18 (At5g44610), MAP20 (At5g37478), MAP65-1 (At5g55230), MAP70-1 (At1g68060), MAP70-5 (At4g17220), THE1 (At5g54380), WAK1 (At1g21250), WAK2 (At1g21270), WAK4 (At1g21210), XXT1 (At3g62720), and XXT2 (At4g02500).
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Supplemental Figure S1 . Adult plant phenotypes of xxt1 xxt2 mutants.
Supplemental Figure S2 . Cellulose microfibril diameter in 3-d-old darkgrown Col and xxt1 xxt2 hypocotyls.
Supplemental Figure S3 . Microtubule arrays with oryzalin treatment in Col and xxt1 xxt2.
Supplemental Figure S4 . Effects of oryzalin on hypocotyl growth.
Supplemental Figure S5 . Frequency of GFP-CESA3 particle trajectory angle distribution.
Supplemental Figure S6 . GFP-CESA3 particle density in response to mechanical pressure.
Supplemental Table S1 . qPCR primers used in this study.
Supplemental Movie S1. Cortical microtubule dynamics without pressure in Col and xxt1 xxt2.
Supplemental Movie S2. Association of cortical microtubule dynamics with extra mechanical pressure in Col and xxt1 xxt2.
Supplemental Movie S3. GFP-CESA3 particle motility in Col and xxt1 xxt2.
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Supplemental Figure 5 . Frequency of GFP-CESA3 particle trajectory angle distribution. Particle trajectory angles relative to the cell longitudinal axis were calculated from track displacement coordinates for single particles from timelapse images of 3-d-old dark-grown GFP-CESA3 Col and GFP-CESA3 xxt1 xxt2 hypocotyls (n ≥ 1043 particles from at least 5 images for each genotype). Figure 6 . GFP-CESA3 particle density in response to mechanical pressure. GFP-CESA3 particle density in 3-d-old dark-grown GFP-CESA3 Col and GFP-CESA3 xxt1 xxt2 seedlings subjected to mechanical stress using a 50 g balance weight for 10 min; no pressure application is used as a control (n ≥ 8 cells at least 3 seedlings). Error bars present SD (*P < 0.05, **P < 0.001, t-test).
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